Complexes of type **1**--**3** have been widely adopted in academic and industrial research as enantioselective catalysts for the reduction of C=O and C=N bonds. Noyori et al. first reported the synthesis and use of complexes of type **1**,^[@ref1]−[@ref3]^ which catalyze the asymmetric reduction of ketones^[@ref1]^ and imines^[@ref2]^ in high ee using either hydrogen gas^[@ref4]^ (asymmetric pressure hydrogenation, APH) or a reagent such as formic acid, sodium acetate, or isopropanol (asymmetric transfer hydrogenation, ATH).^[@ref1]−[@ref3]^

We reported^[@ref5]−[@ref7]^ the synthesis and applications of 'tethered' complexes of type **2** which exhibit increased reactivity relative to **1**. First Ikariya, and later this group, independently reported the synthesis and applications of 'ether-tethered' complex **3**.^[@ref8]^
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Although complexes **2** and **3** are excellent catalysts, their syntheses require multistep processes; our original route to **2** (*n* = 0--2)^[@cit5a],[@cit5b]^ required (i) Birch reduction of an alcohol, (ii) oxidation to an aldehyde, (iii) reductive coupling with a diamine, (iv) complexation with RuCl~3~, and (v) conversion of the dimer to a monomer. Improved synthetic approaches to **2** (*n* = 1)^[@ref7],[@cit8a]^ require conversion of the alcohol from step (i) to the tosylate, triflate, or mesylate and coupling with the diamine component, and also combine the last two stages into one. In alternative approaches, a \[4 + 2\] cycloaddition may be employed to form the required diene.^[@ref8],[@ref9]^ Hence, although efficient, the majority of current synthetic approaches (one exception being the synthesis of **3** by Ikariya et al.^[@cit8a]^) require the intermediacy of a 1,4-cyclohexadiene intermediate containing a TsDPEN unit.

An appealing alternative approach to the synthesis of tethered complexes would be a direct 'arene substitution' in which the arene on the tether displaces another η^6^-arene from Ru(II).^[@ref10]^ This may have an advantage in certain cases for example when the Birch reduction is difficult to achieve.^[@cit10d]^ or in cases where a large excess of diene is required for efficient complexation. The majority of related literature examples of this process involve ligands attached to a metal through a phosphine, typically conducted at ca. 120--130 °C, in a solvent such as chlorobenzene. η^6^-Arenes containing an electron-withdrawing function are generally favored as leaving groups. However there appear to be only *two* reported examples of η^6^-arene substitutions of complexes initially complexed through a *nitrogen* atom.^[@cit10b],[@cit10c]^

Given the precedents we attempted to form tethered Ru(II)/TsDPEN complexes using an intramolecular arene displacement. When an electron-rich ring was used to displace an electron-poor one,^[@ref10]−[@ref12]^ i.e. biasing the system toward the tethered product, less than 15% of the required complex (*R*,*R*)*-***4** was formed from **5** upon heating in DCM at 90 °C after 49 h (Scheme [1](#sch1){ref-type="scheme"}, product observed by NMR and not isolated) accompanied by extensive decomposition.
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The formation of complexes such as **5** from the Ru(II) dimer precursor (e.g., \[Ru(C~6~H~5~CO~2~Et)Cl~2~\]~2~) and a TsDPEN-derived ligand generally requires the addition of a base such as triethylamine and temperatures in the range of 80 °C in *i*PrOH, which are below those typically required for η^6^-arene displacement.
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We proposed that through omission of the base and by *rapid heating* of ligand **6a** and precursor complex, the η^6^-arene ring substitution could outpace diamine complexation, i.e via formation of intermediates **7** and **8** rather than **5**, and hence lead to direct formation of tethered complexes (Scheme [2](#sch2){ref-type="scheme"}). In the event these conditions worked well and provided a new route to both **2** (*n* = 1) and the new complexes (*R*,*R*)*-***4** and (*R*,*R*)*-***9** (Scheme [3](#sch3){ref-type="scheme"}) through direct combination of the precursor dimer with ligands **6a**--**c** in DCM or chlorobenzene at 90--140 °C for 2--54 h. The use of an electron-rich ring in the substituting ligand appears to be advantageous and may lead to the formation of a more stable complex as a result of the increased electron density in the new η^6^-arene ring.^[@cit10d],[@ref13]^
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The X-ray crystallographic structures of both (*R*,*R*)*-***4** and (*R*,*R*)*-***9** were obtained (see [Supporting Information](#notes-1){ref-type="notes"} (SI)).^[@ref14]^ These served to confirm both that their structures were correct and also that the relative stereochemistry of the Ru(II) center relative to the diamine backbone matched that previously observed for complexes of this type.^[@ref1],[@ref5]^ The arene substitution reaction is slower at lower temperatures, but additional impurities are formed at higher temperatures; therefore, careful control of the conditions is required (see [SI](#notes-1){ref-type="notes"} for full details). In DCM at 90 °C a reaction time of 40--50 h is typically required. In chlorobenzene (following initial combination of reagents in DCM) the reaction at 90 °C is faster than that in DCM. The reaction can be carried out in the presence of a mild inorganic base; however a stronger base is unfavorable and leads to lower yields of product, as predicted (see [SI](#notes-1){ref-type="notes"}). Complexes **10**--**12** were also prepared by this route, each as mixtures of diastereoisomers as has been observed previously for related complexes.^[@cit5b],[@ref7]^ For the novel electron-rich examples (*R*,*R*)*-***4** and (*R*,*R*)-**9**, this method represents a highly efficient approach which appears well suited to the formation of tethered catalysts containing electron-rich arene rings.
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The importance of the higher temperature at an early stage of the complexation was highlighted by stirring **6b** and \[Ru(C~6~H~5~CO~2~Et)Cl~2~\]~2~ in DCM at RT. This was found to form only the unproductive complex **5** (see [SI](#notes-1){ref-type="notes"}) and none of the tethered complex (*R*,*R*)*-***4**. In further tests we found that \[RuCl~2~(1,4-(EtO~2~C)~2~C~6~H~4~)\]~2~ worked well in the substitution; however, \[RuCl~2~(1,4-(EtO~2~C)(CH~3~)C~6~H~4~)\]~2~ and \[RuCl~2~(p-cymene)\]~2~ did not, highlighting the importance of the use of an electron-withdrawing group on the initial η^6^-arene ring.^[@ref10]^

The novel electron-rich complexes (*R*,*R*)*-***4** and (*R*,*R*)*-***9** are highly active in the ATH and APH of ketones.^[@ref5]−[@ref8]^ Selected results for reduction of ketones **13**--**32** (Figure [1](#fig1){ref-type="fig"}) are given in Tables [1](#tbl1){ref-type="other"} (ATH) and [2](#tbl2){ref-type="other"} (APH), and further details are in the [SI](#notes-1){ref-type="notes"}. In the ATH tests shorter reaction times were observed at 60 °C compared to 28 °C ([SI](#notes-1){ref-type="notes"}) with only marginal loss of enantioselectivity; therefore, the substrate screen was conducted at the higher temperature. Most of the substrates containing aromatic rings adjacent to the ketone, other than *ortho*-substituted rings, were reduced in consistently high ee using (*R*,*R*)*-***4**. Fused-ring and α-substituted ketones were particularly good substrates. In most cases (*R*,*R*)*-***9** gave products in lower ee than (*R*,*R*)*-***4**; however, in several cases it was comparable and in the case of acetylcyclohexane, superior. The latter result may arise from an increased steric hindrance in the transition state as has previously been documented.^[@cit6b]^

![Ketone substrates used in ATH and APH reactions.](ol-2013-024979_0002){#fig1}

###### ATH Reductions of Ketones

![](ol-2013-024979_0006){#fx3}

  ------------------------------------------------------------------------------------------------------------------------------------
  substrate   catalyst   s/c    temp/\   *t*/\   conv %[a](#t1fn1){ref-type="table-fn"}   ee %[a](#t1fn1){ref-type="table-fn"}
                                °C       h                                                
  ----------- ---------- ------ -------- ------- ---------------------------------------- --------------------------------------------
  **13**      **4**      1000   60       2       100                                      96 (*R*)

  **13**      **4**      100    28       4.5     99                                       97 (*R*)

  **13**      **9**      1000   60       4       100                                      89 (*R*)

  **13**      **9**      100    28       8       99                                       91 (*R*)

  **14**      **4**      1000   60       3.5     100                                      97 (*R*)

  **14**      **9**      1000   60       5       100                                      88 (*R*)

  **15**      **4**      1000   60       1.5     100                                      96 (*R*)

  **16**      **4**      1000   60       2       100                                      98 (*R*)

  **16**      **9**      1000   60       3       99                                       96 (*R*)

  **17**      **4**      1000   60       2       100                                      98 (*S*)

  **17**      **9**      1000   60       2       100                                      95 (*S)*

  **18**      **4**      1000   60       1       99                                       97 (*S*)

  **18**      **9**      1000   60       2       99                                       94 (*S*)

  **19**      **4**      1000   60       1       100                                      98 (*R*)

  **19**      **9**      1000   60       2       99                                       93 (*R*)

  **20**      **4**      1000   60       3       100                                      99 (*R*)

  **21**      **4**      1000   60       2       100                                      94 (*R*)

  **22**      **4**      1000   60       3       100                                      99 (*R*)[b](#t1fn2){ref-type="table-fn"}

  **22**      **9**      1000   60       3       100                                      \>99 (*R*)[b](#t1fn2){ref-type="table-fn"}

  **23**      **4**      1000   60       5       99                                       99 (*R*)

  **23**      **9**      1000   60       5       100                                      99 (*R*)

  **24**      **4**      1000   60       1.5     99                                       88 (*R*)

  **25**      **4**      1000   60       3       100                                      99 (*R*)

  **25**      **9**      1000   60       7       100                                      96 (*R*)

  **26**      **4**      1000   60       5       100                                      37 (*S*)[c](#t1fn3){ref-type="table-fn"}

  **26**      **9**      1000   60       6       100                                      73 (*S*)[c](#t1fn3){ref-type="table-fn"}

  **26**      **9**      100    28       21.5    99                                       74 (*S*)
  ------------------------------------------------------------------------------------------------------------------------------------

Conv % and ee % calculated by chiral GC analysis unless otherwise indicated.

ee % calculated by chiral HPLC analysis.

ee % calculated for acetate derivative.

Although not listed, an imine was reduced in moderate ee (up to 76% ee) but full conversion using catalyst (*R*,*R*)*-***9** (see [SI](#notes-1){ref-type="notes"}). In the case of the APH reductions a similar pattern of results was obtained (Table [2](#tbl2){ref-type="other"}). Following initial screening it was found that an s/c of 500 and a temperature of 60 °C represented convenient reaction conditions.^[@ref7],[@ref8]^ The results of the ATH and APH experiments suggest that the methoxy-substituted complexes catalyze ketone reduction through a broadly identical mechanism similar to that of the known tethered and untethered catalysts.^[@ref1]^

###### APH Reductions of Ketones[a](#t2fn1){ref-type="table-fn"}
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  substrate   catalyst   *t*/h   conv %   ee %
  ----------- ---------- ------- -------- ------------
  **13**      **4**      16      100      94 (*R*)
  **13**      **9**      16      100      84 (*R*)
  **14**      **4**      16      70       84 (*R*)
  **17**      **4**      24      100      91 (*S*)
  **17**      **9**      24      94       88 (*S*)
  **22**      **4**      24      98       \>99 (*R*)
  **22**      **9**      24      100      99 (*R*)
  **23**      **4**      48      100      99 (*R*)
  **23**      **9**      48      60       99 (*R*)
  **26**      **4**      48      99       37 (*S*)
  **26**      **9**      48      40       81 (*S*)
  **27**      **4**      48      95       98 (*R*)
  **27**      **9**      48      72       95 (*R*)
  **28**      **4**      16      100      94 (*R*)
  **28**      **9**      16      100      80 (*R*)
  **29**      **4**      16      98       92 (*R*)
  **29**      **9**      16      99       74 (*R*)
  **30**      **4**      24      100      82 (*R*)
  **31**      **4**      48      32       80 (*R*)
  **32**      **4**      24      100      95 (*S*)

Conv % and ee % calculated as for Table [1](#tbl1){ref-type="other"}.

In summary, a concise route to synthetically valuable tethered Ru(II)/TsDPEN catalysts for ATH and APH reactions is described. The direct 'arene exchange' process works efficiently under specific conditions, and the new complexes prepared by this route are effective for the asymmetric transfer and pressure hydrogenation of a range of ketones. We are continuing to establish the potential of this novel method.
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